It is particularly difficult to isolate porcine islets (PI). Experience suggests that the success rate of porcine islet isolation (PII) is probably considerably influenced by the distension and digestion of the pancreas. In this study, we divided the digestion procedure into two stages and developed a new enzyme solution to improve both the distension and digestion procedures. As a result, we established a novel and stable method of large-scale adult porcine islet isolation (APII). The harvested pancreata of 2-year-old pigs weighing over 200 kg (n= 18) were distended by introducing our new enzyme solution gently and slowly through the pancreatic ducts. Two-stage digestion (cold, then warm) was then performed by first placing the distended pancreata on ice for 2 h to cause diffusion of the enzyme solution around the islets, and then by incubating the pancreata in a water bath at 37°C for 45 min without shaking. The islets were purified by a COBE 2991 cell processor on dextran T70 discontinuous density gradients. Histological study was performed on porcine pancreata sampled after 0, 15, 30, and 45 min of the second stage, and stained with H&E stain. Next, islet equivalent was calculated. Static incubation study was performed by stimulating the islets with 3.3 and 16.7 mM glucose in Krebs' Ringer bicarbonate buffer (KRBB) solution at 37°C for 1 h, and finally the insulin released was measured. The dilated acinar cells septa around the islets were observed at time 0. Destruction of the acinar cells around the islets by warm digestion was recognized at 15 and 30 min, and destroyed and separated acinar cells present around the islets at 45 min. During the entire course of the warm digestion, the islets remained intact. The number of isolated islets was 291,667 ± 240,452 IEQ/pancreas (n = 14) and 3,294 ± 2199 IEQ/g of pancreatic tissue. The purity of recovered porcine islets was over 90%. The concen tration of the insulin secreted by 10,000 IEQ islets selected at random was 83.9 ± 13.4 uU/dish/h in response to 3.3 mM glucose and 104.1 ± 12.9 uUVdish/h in response to 16.7 mM glucose (n = 20). A success rate of approximately 80% was attained with APII. We demonstrated that this increase in the success rate was due to the improved distension and digestion provided by this method. This two-stage APII method with its new enzyme solution may facilitate the future use of porcine islets in clinical xenotransplantation trials.
INTRODUCTION
The ideal treatment for type I diabetes would be to transplant islets of Langerhans early in the course of the disease and maintain the transplants without having to give the recipients continuous immunosuppressive ther apy. In the last few years, the feasibility of clinical islet allotransplantation could be demonstrated with longterm (>1 year) insulin independence in type I diabetics (17) . A landmark automated method for the isolation of human pancreatic islets that was developed by Ricordi et al. in 1988 (29) gave rise to a boom in islet transplan tation (ITx) in humans. The Islet Transplantation Regis try revealed that there had been 178 ITx in human sub jects worldwide by 1993 (8) . In addition, Bretzel's group at Giessen University made an encouraging break through in clinical human ITx last year (7) , reporting that at 1-year follow-up after ITx, 7 of 13 patients showed ongoing islet function after kidney transplanta tion of islets, and 3 of those 7 became independent from insulin. Moreover, in 8 of 9 patients who had simultane ous kidney transplantation of islets ongoing graft func tion was demonstrated. Because of the rapid increase in allograft cases together with the progress in human islet isolation technique, the demand for intact and viable the availability. Therefore, new sources for transplant able islet tissue are urgently needed. A solution for this scarcity could be the use of the porcine pancreas as a substitute source for ITx into humans, taking advantage of the advances in the prevention of rejection of xeno grafts with immunoisolation techniques (3, 11, 12, 28, 34, 39, 44) , immunomodulation techniques (1, 5, 9, 22, 26, 27, 43) , and so on. Because of the similarities of the pig and humans in regard to size, metabolic control of insulin release, and the molecular structure of their insulins, the pig would seem to be an ideal donor for humans, with unlimited availability on a daily basis; because the pan creas is only a waste product of the slaughtering process, no ethical problems should result from the utilization of porcine islet donors.
Several teams (2, 4, 16, 18, 23, 24, 30, 32, 33, 38, 41, 42) have made numerous efforts to try to isolate porcine is lets on a large scale. Unfortunately, pig islets are espe cially difficult to isolate and purify, as the pig pancreata have a strong tendency to produce a high percentage of islet fragments and single cells after digestion. This ap pears to be because pig islet capsules are initially absent in young pigs, and are subsequently less resistant to the isolation procedure than in other species, such as rodents or humans. No routine method for porcine islet isolation (PII) exists yet.
The problems associated with islet isolation and puri fication-problems that prevent continually successful isolation and regular ITx-can be classified into four categories: endogenous factors of the donor; variables related to pancreas procurement; isolation techniques; and purification techniques.
According to the experience of Brandhorst et al. (6) , successful PII seems to be possible if islets of adult do nors are isolated utilizing continuous digestion-filtration following digestion with UW solution before a neutral density gradient purification on a COBE. However, our new method, herein described, presupposes that success ful porcine islet isolation is possible if islets of adult donors are isolated with the method's two-stage diges tion and innovative enzyme solution (13) and purified with a COBE 2991 cell processor on dextran T70 dis continuous density gradients, based on 7 years of experi ence with PII (14, 15, (19) (20) (21) . There are, however, a num ber of points in common between our ideas and those of Brandhorst et al.
No reports on the success rate of PII have appeared yet, but the success rate of human islet isolation was reported by Zeng in 1994 to be 70% (45) . Therefore, we concentrated on increasing the success rate of adult PII (APII). We had observed that the distension and diges tion procedures of adult porcine pancreata played a sig nificant role in APII, and therefore, in this study, we developed a novel method of isolating adult porcine is lets (API) by two-stage digestion and an innovative en zyme solution to improve distension and digestion so that we could increase the success rate of APII, and even establish a routine large-scale islet isolation method. In addition, we also performed a histologic study of the digestion procedure and other assessments of the iso lated API.
MATERIALS and METHODS

Pancreas Procurement
The pancreata (n = 18) of breeder pigs (about 2 years old and weighing over 200 kg) were obtained from a local slaughterhouse. The splenic lobe of the pancreas was dissected ex situ after a warm ischemia time (WIT) varying from 5 to 10 min. The gland was cleaned of fat and lymphoid tissue and weighed, and the main pancre atic duct was cannulated with a 3 Fr intravenous catheter (ATOM), which was ligated in place.
Pancreas Digestion
First-Stage Digestion (Cold Digestion).
The pan creas was distended by injection of twice its weight of warm (about 2°C) enzyme solution (13) , which was pre pared from Hanks' buffer salt solution containing colla genase (Nitta Gelatin type S-l, 1 mg/ml; Boehringer Mannheim type P, 1 mg/ml); Dispase 1 mg/ml; trypsin inhibitor 1%; DNase 0.1%; and bovine serum albumin 1%. This mixture was injected into the cannulated pan creatic duct gently and slowly for 10 min at room tem perature at the slaughterhouse as soon as the procure ment procedure was finished. It took at least 3 min to inject the first 20 ml of this enzyme solution gently and slowly. During this process, the pancreas was suspended tail down, and was kept under careful observation. As soon as this was completed the pancreas was placed on ice and all pancreata were transported to the laboratory within 2 h. We defined the period from the injection of the enzyme solution to transportation to the laboratory as the first stage, that of cold digestion.
Second-Stage Digestion (Warm Digestion).
In the laboratory, immediately after cold digestion, the dis tended pancreas was placed in a water bath at 37°C for 45 min without mechanical shaking. We defined this pe riod as the second digestion stage, that of warm diges tion.
Filtration/Purification
After 45 min of incubation, the digestion was stopped by adding Euro Collins solution to the container. The digested tissue was suspended with a pair of forceps and was filtered through a stainless mesh (0.85 mm mesh diameter). Then the final filtered suspension was col lected in 250-ml conical centrifuge tubes (Corning, New York, USA) and washed three times with Euro-Collins solution in a centrifuge at 200 x g and 4°C.
The islets were purified using a COBE 2991 cell processor on Euro Collins dextran T70 discontinuous density gradients (d= 1.108, d= 1.094, d= 1.081, Euro-Collins) by centrifugation. The pellet of centrifuged por cine digest was suspended in 200 ml of Euro-Collins Dextran solution with a density of 1.108. This suspen sion was pumped into the centrifuge bag of the COBE 2991 cell processor, and the air trapped in it was re moved by centrifugation at 200 x g. The speed of cen trifugation was maintained at 200 x g while 100 ml vol ume of Euro-Collins Dextran solutions with densities of 1.094 and 1.081 were pumped in that order into the bag, and finally 100 ml of Euro-Collins solution was also pumped in. Subsequently, after centrifugation for 8 min at 800 x g, the first 50 ml of Euro-Collins solution was removed. Then 200 ml of solution was collected and divided into two samples that were placed in two 250ml centrifuge tubes. The 200 ml of solution containing isolated islets that was collected was washed three times with Euro-Collins solution. The recovered islets were suspended in 25 ml Euro-Collins solution and 0.1-ml samples were taken twice for counting. Finally, the islets were washed three times with RPMI-1640 culture me dium containing 100 mg/dl glucose and 10% fetal bo vine serum. These islets were suspended in 10 ml of the same culture medium and cultured in an incubator containing 5% C0 2 and 95% air. The culture medium was changed every 6 h on the first day.
Histologic Study
We randomly took a sample of pancreatic tissue mea suring 0.5 x 0.5 cm size at 0, 15, 30, and 45 min of the second stage of digestion, and fixed the samples with 10% of formalin overnight. We then dehydrated them with methyl alcohol, and made blocks with paraffin. H&E staining was performed on 4-nm-thick sections, and the states of distension and the digestion of the pan creata observed.
Assessment
The samples of recovered islets were stained with dithizone for counting and observation of islet morphol ogy (10) . Islets with diameters over 50 um were counted and the purity simultaneously evaluated using a phasecontrast microscope. Islet equivalent was calculated by conversion into an equivalent number of islets with a diameter of 150 um. The success rate of APII was as sessed. Preparations were considered a failure if < 500 islet equivalents (IEQ) per gram of pancreatic tissue were obtained at the time of isolation (no recovery) or after culture (no viability) (40) . The concentration of in sulin released from 10,000 isolated islets in the culture medium (RPMI-1640, selected randomly) was deter mined on the first and second days of in vitro culture (n = 10). Two days after in vitro culture, a static incuba tion study was performed. After 1 h of preincubation with 3.3 mM glucose, 10,000 islets (selected randomly) were stimulated, first with 3.3 mM glucose and then with 16.7 mM glucose in KRBB at 37°C for 1 h, and then the concentration of the insulin released in the buffer solution was measured (n= 10). Insulin concen trations were assayed with an enzyme immunoassay kit (Glazyme, Sanyo, Japan).
RESULTS
Histology
As Figure 1 shows, the dilated acinar septa around the islets were observed at the start of warm digestion (Fig. la) . The destruction of the acinar cells around the islets during warm digestion was recognized after 15 and 30 min. Destroyed and separated acinar cells are observed around the islets after 45 min. During the en tire period of warm digestion, the islets remained intact.
Assessment
The number of isolated API was 85,900 ± 19,954/ pancreas (« = 14), and the purity of recovered API was over 90% (Table 1 ). As Figure 2 shows, the size of re covered API ranged from 100 to 350 um and the shape was irregular. The islet equivalent per pancreas in 14 pancreata was 291,667 ± 240,452, and that per gram of pancreatic tissue was 3,294 ±2,199 ( Table 1 ). The suc cess rate of APII was 77.8% (14/18) ( Table 1 ). The con centration of insulin released in the culture medium was 83.2 ± 15.6 mU/dish/24 h on the first day and 109.2 ± 9.9 mU/dish/24 h on the second day (n = 10). In the static incubation study, insulin secretion was 83.9 ± 13.4 uU/dish/h in response to incubation with 3.3 mM glu cose, but increased significantly, to 104.1 ± 12.9 uU/ dish/h, on stimulation with a higher concentration of glucose (16.7 mM) (n = 10) ( Fig. 3) . All results were expressed as mean ± SE.
DISCUSSION
The serious shortage of available human pancreatic tissue for clinical trials of ITx as an alternative for endo crine substitution in type I diabetics motivates a search for alternative donor strategies. Establishment of a largescale isolation procedure for viable islets with high pu rity from large animals, especially adult pigs, is econom ically essential for clinical ITx.
In this study, we developed a reliable procedure for APII. We selected breeder pigs of about 2 years old (over 200 kg body weight). We developed a new en zyme solution (13) , and injected it into the pancreatic duct very gently and slowly during harvesting time. Then we divided the digestion procedure into two stages, and finally purified the islets using a COBE 2991 cell processor by the dextran T70 discontinuous gradient method.
In contrast to the findings obtained in canine islet isolation (36) , age has been considered as the most deci sive donor factor for successful porcine islet isolation. PI (31) from juvenile donors are irregularly shaped and firmly attached to the acinar tissue, and therefore tend to fragment very easily during the isolation procedure (25) . For this reason, in this study we selected adult pigs that were over 2 years old and weighed over 200 kg.
Our earlier studies confirmed that the histologic char acteristics of porcine pancreata, which have an ex tremely compact structure, and whose peripheral pancre atic ducts are narrow, add to the difficulty of the injection of enzyme solution through the pancreatic duct to effect pancreatic distension by the conventional cold technique in the pig, and even resulted ultimately in the failure of the isolation. As Table 1 shows, two of four failures were due to insuffcient distension, and the other two cases were caused by failure of distension because of chronic pancreatitis. In this study, we succeeded in achieving distension by injecting warm enzyme solution pancreata, which distended from the tail to the body and from inside to outside under careful observation of the degree of distension. We also confirmed that early injec tion of enzyme solution was necessary not only for suc cess in the distension procedure but also for improve ment of porcine islet recovery. This finding was in accord with that of Mirenda's group (25) . We divided the digestion procedure into two stages. In the first, we allowed the enzyme solution enough time to diffuse into the septa of the acinar cells, and through them, to sur round the islets while the enzymes showed almost no activity at 0°C. In the second stage (warm digestion), no mechanical shaking was performed, in view of the fra gility of the porcine islets. During the entire warm diges tion stage, we monitored the temperature of the pan creata, and found that it reached about 32°C at 45 min of incubation. In this way, we confirmed that low-tem perature digestion was preferable for islets, because overdigestion could be more effectively prevented. It ap peared to be necessary to decide the incubation time of each case individually. We tried to stop the warm diges tion by monitoring the change in the amylase level every 5 min during incubation. Generally, the quantity of amy lase doubled after 45 min of incubation. Unfortunately, it was not a suitable index of when digestion should be terminated, because it took over 5 min to determine, and could fluctuate over a wide range. We believe that there were more suitable parameters, and that the biopsy method (30) was not an appropriate approach.
The reasons why porcine pancreata are subject to ei ther underdigestion or overdigestion are presumably that very little peri-insular capsule is present and that the ad hesion between the islets and the exocrine tissue in the pig depends almost exclusively on exocrine-to-endocrine cell-to-cell adhesion, in contrast to the cell-to-ma trix adhesion in the dog and both cell-to-cell and cellto-matrix adhesion in the rat and in humans (35) . Van Suylichem et al. (37) demonstrated that the collagen content of the pancreas, which is the major target in the enzymatic dissociation of the pancreas for islet isolation, is relatively low in the rat and the adult pig, and espe cially low in the pancreatic septa of these species. This suggests that there are two important considerations dur ing the enzymatic digestion of pancreata for islet isola tion. The first is that the amount of collagen in parts of the pancreas other than the septa (i.e., mainly in the re gions between the acini) appears to determine the disso ciation of the pancreatic tissue, and that the large amount of collagen surrounding the islets seems to be of secondary importance in islet isolation. On the basis of this finding, we developed a new enzyme solution (13) to digest adult porcine pancreas, a solution that con tains only a little collagenase, in order to decrease the digestion of the collagen around the islets, thus prevent ing the islets with no collagen capsule from being de stroyed. We also used Dispase and DNase for dispersion of the exocrine tissue. Thus, we overcame the problem of underdigestion by using a two-stage digestion follow ing a successful distension procedure, and prevented overdigestion with our new enzyme solution. We dem onstrated the effectiveness of this method through histo logic examination and other assessments of the isolated islets (Figs. 1 and 2, Table 1 ).
Over the whole course of APII, we used Euro-Collins solution, which is used for the preservation of organs, because we regarded an islet as a miniorgan. Another advantage of this solution is its low cost. We suggest that an effective and reliable procedure, on a large scale, would be to purify the islets with a COBE 2991 cell processor by the dextran T70 gradient method. We therefore succeeded in establishing a distension proce dure using a two-stage digestion procedure and in devel oping a new enzymatic solution. We were able to isolate API with a high purity of over 90%, about 3,294 IEQ/g of pancreas, and raised the success rate of APII from the original 10% (14) to about 78% (14/18) with the new method. Good viability was also confirmed by a static incubation, culture, and transplantation study. Concern ing the static incubation in vitro, we examined the ca pacity for insulin secretion in response to glucose chal lenge in 10,000 API chosen randomly, as is shown in Figure 3 , in considering the feasibility of large-scale ITx. In regard to the culture of API, although we recog nized the dissociation of API into single cells 2 days after culture, we suggest that it could be feasible using a special method such as microencapsulation.
In conclusion, our results demonstrated that consider able amounts of islets could be isolated in a purified and viable state from an adult porcine pancreas using our new method. We have established a novel, large-scale, and reliable method of APII with this two-stage diges tion procedure and the innovative enzyme solution. Pre vention of the rejection of porcine islet xenografts, by employing, for example, a bioartificial pancreas, must be further studied in relation to the future clinical appli cation of API.
